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Summary
Background: Cohesin, a multisubunit protein complex
conserved from yeast to humans, holds sister chroma-
tids together from the onset of replication to their sepa-
ration during anaphase. Cohesin consists of four core
subunits, namely Smc1, Smc3, Scc1, and Scc3. Smc1
and Smc3 proteins are characterized by 50-nm-long
anti-parallel coiled coils flanked by a globular hinge do-
main and an ABC-like ATPase head domain. Whereas
Smc1 and Smc3 heterodimerize via their hinge domains,
the kleisin subunit Scc1 connects their ATPase heads,
and this results in the formation of a large ring. Biochem-
ical studies suggest that cohesin might trap sister chro-
matids within its ring, and genetic evidence suggests
that ATP hydrolysis is required for the stable association
of cohesin with chromosomes. However, the precise
role of the ATPase domains remains enigmatic.
Results: Characterization of cohesin’s ATPase activity
suggests that hydrolysis depends on the binding of
ATP to both Smc1 and Smc3 heads. However, ATP hy-
drolysis at the two active sites is not per se cooperative.
We show that the C-terminal winged-helix domain of
Scc1 stimulates the ATPase activity of the Smc1/Smc3
heterodimer by promoting ATP binding to Smc1’s
head. In contrast, we do not detect any effect of Scc1’s
N-terminal domain on Smc1/Smc3 ATPase activity.
Conclusions: Our studies reveal that Scc1 not only
connects the Smc1 and Smc3 ATPase heads but also
regulates their ATPase activity.
Introduction
From their genesis during DNA replication to their sepa-
ration during anaphase, sister chromatids are linked by
cohesin, a multi-subunit complex conserved in all
eukaryotes. This linkage is critical for establishing bio-
rientation of sister kinetochores, i.e., their attachment
to microtubules emanating from opposite spindle poles.
Cleavage of cohesin by a cysteine protease called
*Correspondence: kim.nasmyth@bioch.ox.ac.uk
3 These authors contributed equally to this work.separase triggers movement of sister chromosomes to
opposite poles of the cell, an event referred to as the
metaphase-to-anaphase transition [1].
Cohesin is composed of four core subunits: Smc1,
Smc3, Scc1, and Scc3. Smc1 and Smc3 belong to the
SMC (structural maintenance of chromosomes) family
of proteins conserved from bacteria to humans. These
are characterized by the presence of a 50-nm-long
anti-parallel coiled-coil arm that connects a conserved
globular ABC (ATP-binding cassette) ATPase head at
one end with a specialized dimerization domain at the
other. The latter mediates formation of V-shaped
Smc1/Smc3 heterodimers and is therefore known as
the hinge. The two ATPase heads at the apices of the
V are connected by a kleisin subunit called Scc1 (or
Rad21) because of the interaction of N- and C-terminal
domains of Scc1 with Smc3 and Smc1 heads, respec-
tively [2, 3]. Cohesin’s fourth subunit, Scc3, contacts
the tripartite ring via an interaction with the central re-
gion of Scc1. Cleavage of Scc1 by separase when all
chromosomes have successfully bioriented opens the
cohesin ring and triggers the metaphase-to-anaphase
transition [4].
The finding that cohesin forms a 35 nm ring structure
whose integrity is necessary for sister-chromatid cohe-
sion led to the suggestion that cohesin works by topo-
logically trapping DNA molecules inside its ring. Accord-
ing to this notion, sister chromatids might be held
together either by sister DNAs being trapped inside
a single ring or by hitherto unknown interactions be-
tween separate rings that have trapped each sister.
Cleaving the cohesin ring by severing the coiled coils
of Smc3 causes cohesin’s dissociation from chromo-
somes in vivo, as does linearization of circular mini-
chromosomes in vitro [5, 6].
One of the most poorly understood aspects of cohe-
sin is the role of its Smc1 and Smc3 ATPase domains.
The N-terminal domain of SMC proteins contains
a Walker A motif, and their C-terminal domain contains
Walker B and ABC signature sequence motifs. The
formation of intra-molecular coiled coils juxtaposes
the N- and the C-terminal Walker A and B domains and
results in the formation of the ABC-like ATPase head.
Crystal structures of SMC [3, 7, 8] and related Rad50
heads [9] show that the g-phosphate of ATP bound to
Walker A and B motifs of one head is bound by the
signature motif of the neighboring one. ATP binding
brings two heads together, whereas its hydrolysis is
presumed to drive them apart.
Walker B motif mutations that abolish hydrolysis but
not binding of ATP have little or no effect on the forma-
tion of cohesin rings but greatly reduce their association
with chromosomes [10, 11]. It has therefore been sug-
gested that the ATP hydrolysis cycle might have a key
role in trapping DNAs, possibly by creating a gate
through which DNA might enter the cohesin ring. Gener-
ation of such a gate would require the transient loss of
one of the ring’s three inter-subunit interactions [10].
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dissociate Scc1 transiently from Smc1/Smc3 heads is
inconsistent with the recent finding that Scc1 can be
covalently fused to the ATPase heads of either Smc1
or Smc3 without drastically affecting cohesin function
[12]. An alternative is that ATP hydrolysis helps to
open the cohesin ring at the Smc1/Smc3 hinge. A major
deficiency of this notion is that very little is known about
cohesin’s ATPase activity.
In this paper, we describe measurements of cohesin’s
ATPase activity and provide an important insight to its
regulation. We demonstrate that kleisins such as Scc1
do not merely interact with SMC heads but have an ad-
ditional role in stimulating their ability to hydrolyze ATP.
We further show that hydrolysis of ATP bound to one
head does not depend on hydrolysis of ATP bound to
its partner; that is, the hydrolysis reaction per se is not
cooperative. However, our results suggest that the as-
sociation of Smc1 and Smc3 ATPase heads, which is
a precondition for ATP hydrolysis, is indeed a coopera-
tive process that requires engagement of ATP at both
Smc1 and Smc3 sites.
Results
Isolated Smc1 and Smc3 Heads Cooperate
in ATP Hydrolysis
The structure of the homodimeric head domains of the
SMC-related Rad50 protein first showed that a complete
ATPase site is generated by contacts between the sig-
nature motif of one head with the g-phosphate of ATP
bound to the Walker A and B motifs of its partner. This
process induces head dimerization, which results in
a pair of ATP molecules being sandwiched between
Rad50 heads [7]. Such dimerization is thought to be es-
sential for hydrolysis of ATP by all ABC-like ATPases.
Cohesin contains two distinct heads, namely those of
Smc1 and Smc3. Their association would create two
distinct active sites, one created by Smc1’s Walker A
and B motifs and Smc3’s signature motif (‘‘Smc1 active
site’’) and the other by Smc3’s Walker A and B motifs
and Smc1’s signature motif (‘‘Smc3 active site,’’ see
Figure 1A).
We had previously found that an isolated Smc1 head
domain (Smc1hd) bound to the C-terminal 115 residues
of Scc1 (Scc1-C) has the ability to homodimerize and hy-
drolyze ATP in a fashion analogous to isolated Rad50
heads [3]. To measure the ATPase activity of hetero-
dimers between Smc1 and Smc3 head domains, we
purified an isolated Smc3 head domain (Smc3hd) after
overexpression in yeast (Figure 1B). It eluted as a single
peak on gelfiltration at a retention volume consistent with
it being a monomeric protein (data not shown). In con-
trast to the Smc1hd/Scc1-C complex, the purified
Smc3hd protein did not hydrolyze ATP by itself (Fig-
ure 1C, bar 1). This implies that Smc3hd, unlike Smc1hd/
Scc1-C, does not homodimerize or, if it does, that such
homodimers are incapable of hydrolyzing ATP. Never-
theless, when we added Smc3hd to Smc1hd/Scc1-C at
equimolar ratios, we observed an approximately 2-fold
increase in ATPase activity (Figure 1C, bar 3). The in-
creased ATPase activity could be due either to heterodi-
merization of Smc3 heads with Smc1 heads or to the
stimulation of the ATPase activity of Smc1hd/Scc1-Chomodimers by Smc3hds. To address this, we produced
an Smc3hd version in which the key serine residue in its
signature motif was mutated to arginine (S1128R). If the
increased ATPase activity were due to Smc1hd/Smc3hd
heterodimerization, mutation of Smc3hd’s signature mo-
tif should prevent formation of an Smc1 active site (Fig-
ure 1A). The addition of Smc3hd-S1128R to Smc1hd/
Scc1-C failed to stimulate ATPase activity (Figure 1C,
bar 4). This suggests that Smc3hd interacts with
Smc1hd/Scc1-C in a manner that depends on its signa-
ture motif and presumably involves the formation of
Smc3hd/Smc1hd/Scc1-C heterodimers that sandwich
ATP in a manner resembling that of other dimeric ABC
ATPases. Though important for enzymatic function, the
interaction between Smc3hd and Smc1hd/Scc1-C must
be weak because we could not detect stable hetero-
dimers either by gel-filtration or by coimmunoprecipita-
tion experiments (data not shown).
To assess the contribution of each of the two active
sites in Smc1hd/Smc3hd heterodimers to the doubling
in overall ATPase activity, we mutated catalytic gluta-
mate residues in their active sites. Addition of Smc3hd-
E1155Q also stimulated ATPase activity (Figure 1C, bar
5), implying that Smc3’s site makes at best a modest
contribution to the increased activity and that Smc1
sites that have an Smc3 partner are at least twice as ac-
tive as those formed by Smc1hd/Scc1-C homodimers.
However, Smc3’s active site does hydrolyze ATP at
a low level, which was detected when Smc3hd was
added to Smc1hd/Scc1-C containing the Walker B muta-
tion (E1158Q) that greatly reduces the ATPase activity of
Smc1hd/Scc1-C homodimers (Figure 1C, bars 6 and 7).
This low ATPase activity was due to hydrolysis at the
Smc3 active site because a mutation in Smc3’s Walker
B motif (E1155Q) abrogated the activity (Figure 1C,
bar 8).
Even though these results demonstrate that hydrolysis
of ATP at one active site within Smc3hd-Smc1hd/Scc-C
heterodimers does not require hydrolysis of ATP at the
neighboring active site, they do not exclude the possi-
bility that ATP must be engaged at both sites if either is
to hydrolyze ATP. To address this, we combined
Smc1hd/E1158Q/Scc1-C with the Smc3-head signa-
ture-motif mutant (S1128R). If heterodimers were able
to form efficiently, then they should contain an intact
Smc3 active site and therefore hydrolyze ATP. Similarly,
combining wild-type Smc3hd with a signature-motif mu-
tant of Smc1hd (S1130R) should generate an intact Smc1
active site capable of hydrolyzing ATP. In both cases, we
observed little or no ATPase activity (Figure 1C, bars 9
and 11), which implies that mutation of either of the two
signature motifs prevents formation of both Smc1 and
Smc3 active sites. We suggest that formation of pseudo-
symmetric Smc1/Smc3-head heterodimers in the pres-
ence of ATP, which is a precondition for any ATP hydro-
lysis, is a cooperative process that requires engagement
of ATP at both Smc1 and Smc3 sites. Note that this pro-
posal is consistent with our finding that ATP hydrolysis
per se is not cooperative.
Does the binding of cohesin’s kleisin subunit Scc1 to
the Smc1 and Smc3 heads affect their ATPase activi-
ties? Unfortunately, we were unable to address the
effect of Scc1’s N- and C-terminal domains on the activ-
ity of isolated Smc1 and Smc3 head domains because
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2000Figure 1. The Two ATPase Sites in Smc1 and Smc3 Head-Domain Heterodimers can Hydrolyze ATP Independently of Each Other
(A) Model of the Smc1 (red) and Smc3 (blue) head-domain heterodimer bound by Scc1’s C-terminal domain (green) prepared with PYMOL
(DeLano Scientific). Two molecules of ATP (yellow) are bound at the dimer interface by the Walker A motif of one head and the signature motif
of the opposite head. The catalytic glutamate residue in the Walker B motif is highlighted. (B) Coomassie stained SDS-PAGE showing prepara-
tions of Smc1 head-domain complexes with Scc1’s C-terminal domain from overexpression in insect cells and of Smc3 head domains from over-
expression in yeast (K13543, K13842-3: MATa, pPM Smc3hdII-TEV-ProtA) used in the (C) ATPase assays. Kinetics of ATP hydrolysis by Smc1
and Smc3 head domains separately or mixed at an equimolar ratio of 20 mM or 50 mM each were measured (see inset for example). ATPase rates
calculated from the linear reaction range are shown as grey (20 mM) or black (50 mM) bars, error bars show the maximum deviation between
experiments.Smc1 heads lacking Scc1-C or Smc3 head domains as-
sociated with N-Scc1 have a strong tendency to aggre-
gate (data not shown), precluding their purification in
sufficient amounts and homogeneity. However, we have
succeeded in addressing the effect of Scc1-C on the
ATPase activity of intact Smc1/Smc3 heterodimers (see
below). In summary, we find that isolated Smc1 and
Smc3 ATPase heads can indeed cooperate to hydrolyze
ATP and presumably do so in intact cohesin complexes.
Scc1-C Stimulates the ATPase Activity
of Smc1/Smc3 Heterodimers
To investigate the enzymatic properties of intact Smc1/
Smc3 heterodimers and the effect of Scc1-C, we puri-
fied full-length Smc1/Smc3 heterodimers from yeast
cells that simultaneously overexpress Smc1 and Smc3
proteins from a pGAL-PGK hybrid promoter (for details,
see Supplemental Experimental Procedures). We mean-
while purified to homogeneity a version of Scc1-C with
a hexahistidine tag at its N terminus after expression ininsect cells (Figure S1A in the Supplemental Data avail-
able online). We first reconstituted Scc1-C’s interaction
with the Smc1/Smc3 heterodimer in vitro. We incubated
Smc1/Smc3 with and without Scc1-C for 1 hr at 30C,
purified Scc1-C by virtue of its hexahistidine tag by
using a TALON resin, and measured copurification of
Smc1/Smc3 complexes by Coomassie staining of
bound fractions after SDS-PAGE. About half of Smc1/
Smc3 heterodimers bound to the TALON resin in the
presence of Scc1-C, but very few bound in its absence
(Figure 2A). Addition of ATP was not required for binding
of Smc1/Smc3 to Scc1-C under these circumstances.
To test whether the association between Smc1/Smc3
heterodimers and Scc1-C in our in vitro assay was spe-
cific, we analyzed the effect on binding of a mutation of
Scc1-C (L532R) that reduces association between Smc1
and Scc1 in vivo by disrupting a key contact between the
two proteins [3]. Smc1/Smc3 heterodimers bound to
Scc1-C (L532R) less efficiently than to wild-type Scc1-
C (Figure 2A). The finding that binding is not completely
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the nonphysiologically high protein concentrations in
our assay.
To compare the ATPase activities of Smc1/Smc3 het-
erodimers with reconstituted Smc1/Smc3/Scc1-C com-
plexes, we incubated Smc1/Smc3 heterodimers in the
absence or presence of Scc1-C at varying ratios for 1
hr at 30C before addition of ATP doped with g-32P-
labeled ATP. Hydrolysis of ATP was then followed over
a period of 2 hr. Smc1/Smc3 heterodimers on their
own possessed very little ATPase activity, if any, and
Scc1-C possessed none at all (Figure 2B; also Fig-
ure S1B), but a mixture of the two sets of proteins pos-
sessed appreciable activity (Figure 2B). ATPase activity
in the presence of Scc1-C was 6- to 8-fold greater than in
its absence, but this is probably an underestimate
Figure 2. Scc1-C Interacts with Smc1/Smc3 In Vitro and Stimulates
Its ATPase Activity
(A) Smc1 and Smc3 (2 mM) were incubated with or without 10 mM
His6-tagged Scc1-C and then bound to a TALON resin. The input
(I), flowthrough (FT), and bound fractions (53B) were analyzed by
12% SDS-PAGE and Coomassie blue staining.
(B) Smc1 and Smc3 (2 mM) were incubated with various amounts of
either wild-type or mutant (L532R) Scc1-C at 30C for 1 hr. ATP
(250 mM containing 0.53 MBq of g-32P ATP) was then added to the
reaction, and the kinetics of ATP hydrolysis were measured over
a period of 2 hr.because the ATPase activities are so low that some if
not most activity associated with isolated Smc1/Smc3
heterodimers could be caused by small amounts of con-
taminating ATPases (see below). Stimulation was stoi-
chiometric because the increased ATPase activity was
saturated at a 1:1 protein ratio. Crucially, the effect of
Scc1-C was highly specific because the L532R mutation
abolished the stimulation of ATPase activity (Figure 2B).
Stimulation by Scc1-C was also observed at a more
physiological concentration of ATP, namely at 1 mM
(data not shown), and could be competed by dATP or
ADP (Figure S2). Using the linear range of the reaction,
we estimate that a single Smc1/Smc3/Scc1-C complex
hydrolyzes approximately 25 molecules ATP per hour
under our assay conditions.
Scc1-C Stimulates ATP Hydrolysis at Both
Smc1 and Smc3 Active Sites
Binding of Scc1’s C-terminal domain to the Smc1/Smc3
heterodimer could stimulate the Smc1, the Smc3, or
both active sites. To distinguish between these possibil-
ities, we purified Smc1/Smc3 heterodimers in which
ATP hydrolysis at either the Smc1 or the Smc3 active
site was abolished by mutations in their Walker B motifs
(E1158Q in Smc1, E1155Q in Smc3; Figure 3A). Surpris-
ingly, addition of Scc1-C stimulated the ATPase activity
of both Smc1/Smc3-E1155Q and Smc1-E1158Q/Smc3
heterodimers, albeit not as efficiently as the wild-type
Smc1/Smc3 (Figure 3B). This implies that Scc1-C stimu-
lates not only the activity of the Smc1 active site to which
it is bound but also that of the adjacent Smc3 active
site. This result confirms that ATP can be hydrolyzed
by Smc1 and Smc3 sites independently of each other.
To our surprise, the ATPase activities of Smc1/Smc3-
E1155Q and Smc1-E1158Q/Smc3 are comparable,
which suggests that Smc1 and Smc3 ATPase sites are
similarly active. We would have liked to confirm this con-
clusion by measuring the activity of Smc1-E1158Q/
Smc3-E1155Q heterodimers but were unable to do this
because coexpression of both proteins caused toxicity
in yeast even under uninduced conditions. It is never-
theless clear from our experiments with isolated heads
that the Smc1-E1158Q and Smc3-E1155Q mutations
do abrogate ATPase activity (Figure 1). Our conclusion
that the Smc3 heads of intact Smc1/Smc3 heterodimers
hydrolyze ATP at a rate comparable to that of their Smc1
heads, when the latter is bound by Scc1-C, suggests
that the low activity of isolated Smc3 heads when mixed
with Smc1/Scc1-C might be caused by a partial folding
problem of the Smc3 head domain when it is not part of
an intact Smc3 protein.
Experiments with isolated heads suggested that ATP
hydrolysis by Smc1 and Smc3 heads requires engage-
ment of two molecules of ATP. To test whether this is
also true of intact Smc1/Smc3 heterodimers, we purified
versions in which binding of ATP to either the Smc1 or
the Smc3 active site is abrogated by mutations in their
Walker A motifs (K39I in Smc1, K38I in Smc3; Figure 3A).
Addition of Scc1-C had little or no stimulatory effect
on the ATPase activities of either Smc1/Smc3-K38I or
Smc1-K39I/Smc3 heterodimers (Figure 3B). Even though
association of Scc1 with Smc1-K39I/Smc3 dimers is
strongly reduced in vivo [10], Scc1-C did bind to Smc1/
Smc3-K38I and Smc1-K39I/Smc3 heterodimers under
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(A) Coomassie-blue-stained gel of Smc1/Smc3 preparations of wild-type Smc1/Smc3, Smc1/Smc3-K38I, Smc1-K39I/Smc3, Smc1/Smc3-
E1155Q, or Smc1-E1158Q/Smc3.
(B) Smc1 and Smc3 (2 mM) were incubated with or without 4 mM Scc1-C, and the kinetics of ATP hydrolysis were determined as described in the
legend for Figure 2B.our assay conditions (data not shown), presumably be-
cause of the high protein concentrations. The fact that
we see no increase in ATPase activity upon addition of
Scc1-C to Walker A mutant Smc1/Smc3 dimers also
proves that the increase of ATPase activity seen upon
addition of Scc1-C to wild-type Smc1/Smc3 dimers
must derive from the stimulation of Smc1/Smc3’s
ATPase activity and is not due to contaminating ATPases
in the Scc1-C preparation.
Our findings are consistent with the notion that ATP
hydrolysis depends on the binding of ATP to both
Smc1 and Smc3 heads and that hydrolysis is not due
to homotypic association between Smc1/Smc1 or
Smc3/Smc3 heads from different heterodimers. Finally,
because the ATPase activities of wild-type and mutant
Smc1/Smc3 heterodimers in the absence of Scc1-C
are comparable, it seems reasonable to conclude that
the very low activity associated with Smc1/Smc3 heter-
odimers lacking Scc1-C is probably due to trace
amounts of contaminating ATPases. If so, the rate of
ATP hydrolysis by Smc1/Smc3 heterodimers may be
very low indeed in the absence of Scc1-C.Scc1-C Promotes ATP Binding to Smc1 Heads
Our finding that binding of Scc1-C to Smc1/Smc3 heter-
odimers facilitates hydrolysis of ATP by both Smc1 and
Smc3 active sites is surprising because Scc1-C inter-
acts only with Smc1 heads. However, because binding
of ATP to Smc1’s site is required for hydrolysis of ATP
bound to Smc3’s site (see above), we reasoned that
Scc1-C might stimulate Smc3’s ATPase activity by facil-
itating the binding of ATP to Smc1’s site. According to
this notion, ATP bound to Smc1’s site would promote
Smc1/Smc3 head dimerization and thereby enhance
hydrolysis of ATP bound to Smc3’s site. To test this, we
established a UV crosslinking assay to measure binding
of ATP to Smc1/Smc3 heads. Radiolabeled (a-32P) ATP
was added to Smc1/Smc3 heterodimers that had been
preincubated with or without Scc1-C at 30C for 1 hr. Af-
ter incubation for 30 min on ice, samples were irradiated
with UV for 30 min to crosslink the labeled ATP to the
protein and were subjected to SDS-PAGE (Figure 4). Be-
cause Smc1 and Smc3 comigrate on SDS-PAGE, we
used the Walker A site mutants Smc1/Smc3-K38I and
Smc1-K39I/Smc3 to measure binding of ATP to Smc1
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odimers are inactive as ATPases (see above), and their
use therefore precludes any possible effect of ATP hy-
drolysis on the extent of crosslinking. The presence of
Scc1-C stimulated crosslinking of ATP to Smc1/Smc3-
K38I at least 3-fold. In contrast, it had no effect on the
efficiency of crosslinking to Smc1-K39I/Smc3 hetero-
dimers. In both cases, crosslinks could be competed
by the addition of a 100-fold excess of unlabelled ATP
(Figure 4) and were UV dependent (data not shown).
These results suggest that the binding of Scc1-C to
Smc1 heads facilitates the binding of ATP to Smc1 but
not Smc3 heads. Because Scc1-C’s contact helix binds
in close proximity to Smc1’s Walker A motif [3], binding
of Scc1-C may stabilize Smc1’s ATP pocket. Enhanced
ATP binding may be responsible for stimulating ATPase
activity associated with both Smc1 and Smc3 heads.
Scc1 Is More than a Mere Linker of Smc1 and Smc3
Heads In Vivo
The above results suggest that binding of Scc1’s C-
terminal domain to Smc1 heads regulates cohesin’s
ATPase activity in addition to creating its tripartite ring.
We therefore set out to test this notion in an in vivo set-
ting. We reasoned that if the function of Scc1’s C-termi-
nal winged helix were merely to bind Smc1’s head do-
main, then a covalent fusion of Scc1’s C terminus with
the N terminus of Smc1 should suppress lethal pheno-
types caused by single mutations whose presence in
Scc1’s Smc1-binding surface (e.g., L532R; see Figure 2)
reduces binding affinity [3]. If, however, these mutations
also abrogated Scc1’s ability to stimulate ATPase
activity, then a fusion between Scc1 and Smc1 might
have little effect.
We used the SCC1 promoter to express fusions of
several Scc1 variants with Smc1 and tested their ability
to complement deletion of both SCC1 and SMC1 genes.
Figure 4. Scc1-C Promotes ATP Binding to Smc1
Smc1/Smc3-K38I or Smc1-K39I/Smc3 dimers (2 mM) were preincu-
bated with Scc1-C (4 mM) before the addition of a-32P-labeled ATP (2
mM) in the absence or presence of a 100-fold excess of unlabelled
ATP. Bound ATP was crosslinked to the proteins by UV irradiation
before separation on SDS-PAGE and detection by autoradiography.
Signal intensities were quantified on a phosphorimager and are
plotted as bars.This revealed that fusion of Scc1 to Smc1 suppresses
the lethality of a mutation (Q544K) that only moderately
decreases the affinity between Scc1-C and Smc1 but
not that of two mutations (F528R and L532R) that have
a more severe effect on binding (Figure 5A). Suppres-
sion of Scc1’s Q554K mutation was clearly due to fusion
with Smc1 because cleavage of the linker used to
connect Scc1 and Smc1 by TEV protease abolished
the effect (Figure 5B). The fact that fusion of Scc1 to
Smc1 does not rescue mutations that strongly reduce
the affinity of Scc1’s Smc1-binding interface implies
that the binding of Scc1’s winged helix to Smc1 heads
does indeed have a function besides mere attachment
of Scc1 to Smc1 heads. We suggest that L532R is not
suppressed because it reduces Scc1’s ability to alter
the ATPase activity of Smc1 heads as well as its ability to
connect Scc1 to Smc1. The same may be true for F528R.
Does the N-Terminal Domain of Scc1 also Regulate
Smc1/Smc3 ATPase Activity?
Scc1’s C terminus binds to the Smc1 head and stimu-
lates Smc1/Smc3’s ATPase activity. Does Scc1’s N
terminus (N-Scc1) have the same effect when it binds
to Smc3’s head? To address this, we identified N-Scc1
residues that are critical for its interaction with Smc3
heads. N-Scc1 is predicted to fold into three consecu-
tive alpha helices (H1–H3) that possibly form a helix-
turn-helix motif similar to Scc1’s C-terminal winged-
helix motif [13]. If this domain bound Smc3’s head in
a manner similar to the way in which Scc1-C’s winged-
helix domain binds to Smc1’s head, then residues form-
ing a conserved hydrophobic patch on the H3 helix
would make key contacts (Figure 6A). Several mutations
that replaced hydrophobic by charged residues (L68K,
L75K, V81K or L89K) caused lethality at 25C (not
shown), 30C, and 37C (Figure 6A), as did mutation of
a conserved alanine in H2 (A47K) and mutation of
a conserved aspartate residue adjacent to H3 (D92K).
Mutation of a conserved hydrophobic residue within
helix H1 (I24K) caused temperature-sensitive growth,
whereas mutation of a nonconserved glutamine residue
in H3 had little or no effect on cell proliferation.
To assess whether the mutant proteins interact with
Smc3 heads, we immunoprecipitated cohesin com-
plexes from cell extracts via a myc18 epitope tag on
Smc1 and used TEV protease to cleave coimmunopreci-
pitated Scc1 protein at a TEV site that replaced one of
two separase cleavage sites [5]. In the case of wild-
type Scc1, a major fraction of Scc1’s N-terminal PK9-
tagged cleavage fragment remained on the beads after
cleavage as a result of its association with Smc3 heads
[5]. Mutation of any one of the conserved leucine resi-
dues in helix H3 (L68K, L75K, or L89K) greatly reduced
the fraction of Scc1 N-terminal fragment associated
with Smc1/Smc3 heterodimers bound to the beads, as
did the D92K mutation (Figure 6B). This suggests that
helix H3’s hydrophobic patch is required for N-Scc1’s
binding to Smc3’s head domain and is consistent with
the notion that it binds in a manner resembling that of
Scc1-C to Smc1’s head [3].
Having identified residues critical for the interaction of
N-Scc1 with Smc3 heads, we were in a position to
address whether the interaction has any effect on cohe-
sin’s ATPase activity. Because we were unable to
Current Biology
2004Figure 5. Scc1 Has an Additional Function Apart from Bridging the Smc Heads
(A) Diploid yeast strains (MAT a/a, leu2::pSCC1-SCC1-TEV3-SMC1::LEU2, scc1::URA3, smc1::kanMX) heterozygous for SMC1 and SCC1 dele-
tions and expressing Smc1 fused to Scc1 wild-type (K13630), F528R (K14719), L532R (K14720) or Q544K (K14721) were sporulated. Spore
viability was recorded after dissection of asci from 30 tetrads on YEPD plates and incubation at 25C for 2 days. Genotypes were determined
by marker analysis. The frequencies of leu+ ura+ kanR haploids in K13630 (13.3%) and K14721 (10%) were close to the expected frequency
(12.5%), indicating the complementation of the Q544K mutation in Scc1 by the fusion. In the case of K14719 and K14720, leu+ ura+ kanR haploids
were not obtained, showing that the F528R and L532R mutations in Scc1 were not complemented by the fusion.
(B) K12470 (MAT a, leu2::pSCC1-SCC1(Q544K)-TEV3-SMC1::LEU2, scc1::URA3, smc1::kanMX, YEplac112-pGAL1-TEV) was spotted at 5-fold
dilutions on YEP plates containing either glucose or galactose and allowed to grow at 25C for 2 days.reconstitute N-Scc1’s association with Smc3 heads in
vitro, we purified trimeric Smc1/Smc3/Scc1 complexes
in sufficient amounts to measure their ATPase activity.
We used a split-TAP (tandem affinity purification) strat-
egy to purify Smc1/Smc3/Scc1 complexes from yeast
cells that modestly overexpress these three proteins
as a result of their genes’ presence on multicopy 2m
plasmids. We first purified cohesin complexes via
Smc3 by using a protein A tag that can be cleaved off
with TEV protease and subsequently via Scc1 tagged
with a calmodulin-binding peptide (Figure 7A). Prepara-
tions containing wild-type trimeric complexes were
capable of hydrolyzing about 108 molecules of ATP
per hour (Figure 7B). Mutation of Smc3’s Walker A motif
(K38I) that affects ATP binding abolished most but not
all activity. We estimate that trimeric cohesin complexes
account for 75%–80% of the activity in our preparations
and therefore hydrolyze approximately 80 ATP mole-
cules per hour. This is appreciably higher than the
activity of Smc1/Smc3 heterodimers bound by Scc1-C
(w25/hour). The discrepancy might be due to the factthat Smc3 heads are bound by N-Scc1, be due to the
interconnection of Smc1 and Smc3 heads by Scc1, or
be due to a higher fraction of properly folded proteins
in the trimeric complex preparations.
To address whether association between N-Scc1 and
Smc3 stimulates ATPase activity, we analyzed the effect
of the Scc1-D92K mutation that abrogates association of
Scc1 with Smc3 heads. Smc1/Smc3/Scc1-D92K com-
plexes had an ATPase activity similar to that of wild-
type Smc1/Smc3/Scc1 complexes. Importantly, their
activity was similarly reduced by the K38I mutation in
Smc3 (Figure 7B). We confirmed that the D92K mutation
did indeed reduce association of N-Scc1 with Smc1/
Smc3 heterodimers in our preparations (Figure S3).
We conclude that the ATPase activity of Smc1/Smc3
complexes is less dependent on association between
Smc3’s head and N-Scc1 than association of Smc1’s
head with Scc1-C, but we cannot exclude the possibility
that N-Scc1 might have a more important role under
conditions different from those employed in our in vitro
assay.
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2005Figure 6. Mutation of Scc1’s N Terminus Dis-
rupts Its Binding to Smc3
(A) Scc1 constructs containing mutations in
or close to the three predicted a helices in
their N termini were expressed from the
pSCC1 endogenous promoter in strains
that expressed wild-type Scc1 from the
galactose-inducible and glucose-repressible
pGAL1 promoter (K13145-54: MATa, pGAL1-
SCC1::TRP1, leu2::pSCC1-PK9-SCC1(TEV268,
mut)-HA3::LEU2). To test whether mutant
Scc1 can support cell growth, we turned off
expression of wild-type Scc1 by plating dilu-
tions of cells on glucose-containing media at
30C or 37C.
(B) For determination of whether mutations in
N-Scc1 decrease its binding affinity to Smc3,
whole-cell extracts were prepared from yeast
strains expressing myc18-tagged Smc3 and
the mutant Scc1 tagged at its N terminus
with PK9 and at its C terminus with HA3
[K12860-2, K13155-60: MATa, SMC1-myc18::
TRP1, leu2::pSCC1-PK9-SCC1(TEV268, mut)-
HA3::LEU2]. Smc3 was immunoprecipitated
via its myc18 tag (I), and immunoprecipitation
beads were incubated with TEV protease so
that Scc1 would be cleaved. We probed for
the amounts of N-Scc1 released (R) and still
bound (B) to the beads by immunoblotting
against PK9. Immunoblotting signals were
quantified with a CCD (ChemiDoc, Bio-Rad),
and the ratio of released to released-plus-
bound signals was plotted. Error bars indi-
cate the standard error of the mean from
three independent immunoprecipitations.Discussion
Smc1 and Smc3 Hydrolyze ATP in the Presence
of Scc1-C
The possibility that ATP hydrolysis has a key role in es-
tablishing stable connections between sister chroma-
tids was first raised by the discovery that this process
requires proteins with ABC-like ATPase domains,
namely Smc1 and Smc3 [14, 15]. This notion was con-
firmed by the finding that the functions of Smc1 and
Smc3 are abrogated by Walker B motif mutations that
are predicted to prevent ATP hydrolysis [10, 11]. Such
mutations do not prevent Smc1/Smc3 heterodimers
from forming tripartite rings. Instead, the mutations hin-
der the ability of tripartite rings to associate stably with
chromosomes. However, the notion that ATP hydrolysis
might drive cohesin’s association with chromatin has
been marred by a failure so far to measure Smc1’s and
Smc3’s ATPase activity. ATPase activity associated
with preparations containing Smc1/Smc3 complexes
has been described [16], but because of the inability totest mutants in the ATPase active sites, it was unclear
whether the observed activity stemmed from Smc1/
Smc3 or contaminating ATPases. We find that cohesin’s
ATPase activity derives from the cooperation of Smc1
and Smc3 ATPase heads, not only when they are pres-
ent as isolated head domains but also when they are
part of intact Smc1/Smc3 heterodimers that have
formed trimeric complexes with Scc1.
Dimerization of Smc1/Smc3 Heads Is Cooperative,
Whereas ATP Hydrolysis Is Not
Heterotypic interactions between Smc1 and Smc3
heads should enable the binding of two molecules of
ATP, one bound by the Walker A and B motifs of Smc1
and the signature motif of Smc3 and the other by the
Walker A and B motifs of Smc3 and the signature motif
of Smc1. Given that ATP dominates the interface be-
tween two SMC subunits, it is likely that dimers are in
fact only formed when ATP is present. Two pieces of ev-
idence suggest that efficient dimerization only occurs
when ATP is bound at both sites. First, if engagement
Current Biology
2006Figure 7. N-Scc1 Has Little or No effect on
Smc1/Smc3’s ATPase activity
(A) Trimeric Smc1/Smc3/Scc1 complexes
were purified from yeast [K14933-6: MATa,
YEplac112-Scc1(WT or D92K)-HA-CBP,
YEplac195-Smc1-Smc3(WTorK38I)-TEV-ProtA]
by virtue of the TEV-Protein A tag and Cal-
modulin Binding Peptide (CBP) tag attached
to the C termini of Smc3 and Scc1, respec-
tively. Purity of trimeric complexes was
analyzed by SDS-PAGE and silver staining.
(B) Kinetics of ATP hydrolysis of Smc1/Smc3/
Scc1, Smc1/Smc3-K38I/Scc1, Smc1/Smc3/
Scc1-D92K, and Smc1/Smc3-K38I/Scc1-
D92K trimeric complexes were compared.
Trimeric complex (0.3 mM) was mixed with
ATP (250 mM containing 0.53 MBq of g-32P
ATP), and the kinetics of ATP hydrolysis were
measured over a period of 2 hr.of ATP at just Smc1’s site were sufficient for ATP hydro-
lysis, then mutation of Smc1’s signature motif (S1130R)
should not prevent hydrolysis of ATP sandwiched be-
tween Smc1’s ATP-binding pocket and Smc3’s signa-
ture motif. Yet the Smc1 S1130R mutation abolishes all
hydrolysis of ATP by Smc1/Scc1-C and Smc3 heads.
Likewise, mutation of just Smc3’s ATP-binding pocket
abolishes all hydrolysis of ATP by otherwise intact
Smc1/Smc3 heterodimers associated with Scc1-C.
These data are consistent with the notion that engage-
ment of Smc1 and Smc3 heads via ATP is a highly coop-
erative process that requires sandwiching of two ATP
molecules.
In contrast to the engagement of Smc1 and Smc3
heads, ATP hydrolysis per se is not a cooperative pro-
cess. Thus, we found that hydrolysis of ATP bound to
one of the two pockets within an Smc1/Smc3 hetero-
dimer is unaffected by Walker B mutations that abolish
hydrolysis by its partner pocket. However, hydrolysis
of ATP at only one of the two sites is insufficient for co-
hesin function. Cohesin’s ability to associate stably with
chromosomes in vivo depends on hydrolysis of ATP
at both sites [10]. Further studies will be required if we
are to ascertain the unique, nonoverlapping, role of
hydrolysis at one site versus the other.
Cohesin’s Kleisin Is More than Just a Linker
Connecting Its SMC Heads
One of our most striking findings is the discovery that
engagement of Scc1-C with Smc1’s ATPase head
greatly stimulates hydrolysis of ATP by Smc1/Smc3 het-
erodimers. This effect is abolished by an Scc1-C muta-
tion (L532R) that compromises Scc1 binding to Smc1
heads. Surprisingly, binding of Scc1-C to Smc1’s headstimulates hydrolysis of ATP bound to Smc3’s pocket
as well as that bound to Smc1’s pocket. We suggest
that this comes about because binding of Scc1-C to
Smc1’s ATPase head creates a more efficient ATP bind-
ing pocket, possibly by stabilizing its Walker A P-loop
structure. Without ATP bound to Smc1’s head, Smc1
and Smc3 heads cannot engage with each other in
a manner that would permit hydrolysis of ATP sand-
wiched between Smc3’s ATP binding pocket and
Smc1’s signature motif. Thus, binding of Scc1-C to
Smc1 heads not only forms one of the three inter-sub-
unit interactions that creates a tripartite ring but also
regulates its ATPase activity. This regulation is possibly
crucial for cohesin’s function in vivo. Fusion of Scc1’s C
terminus to the N terminus of Smc1 creates a bifunc-
tional Scc1-Smc1 fusion protein whose activity is abro-
gated by the L532R mutation. If L532R merely abolished
association of Scc1-C with Smc1’s head, then the lethal-
ity caused by this mutation should have been sup-
pressed by the artificial fusion of Scc1-C to Smc1’s
head. We therefore suggest that L532R abolishes the
ability of Scc1-C to enhance binding of ATP to Smc1’s
ATPase head.
Further studies will be required to establish whether
this mode of regulating the ATPase activity of SMC pro-
teins is conserved. In contrast to cohesin’s kleisin sub-
unit Scc1, the bacterial kleisin ScpA has been reported
to inhibit, not stimulate, the ATPase activity of the Bacil-
lus subtilis SMC [17]. The budding-yeast Smc2/Smc4
complex was reported to have ATPase activity on its
own [18], but the effect of its kleisin subunit Brn1 was
not measured. On the other hand, a purified condensin
holocomplex from fission yeast possessed ATPase ac-
tivity, whereas isolated Smc2/Smc4 heterodimers did
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or absence of its kleisin subunit, but it could equally
well be due to the presence of other non-SMC subunits.
Besides, without mutations it is unclear whether the
ATPase activity associated with the preparations in ques-
tion was really due to Smc2/Smc4 heterodimers.
DNA has been shown to stimulate the ATPase activity
of Bacillus subtilis SMC by about 2-fold, and this stimu-
lation is thought to be mediated by a basic patch in its
hinge domain [20, 21]. Despite the high degree of con-
servation of SMC hinge domains, we failed to detect
any effect of addition of nicked or supercoiled DNA on
cohesin’s ATPase activity (data not shown).
What Is the Role of Smc1/Smc3’s ATPases
in Cohesin Function?
Cohesin’s ATPase activity is very low. We estimate that
a single tripartite complex hydrolyzes about one mole-
cule of ATP per minute. It is of course possible that fac-
tors missing in our in vitro assay could stimulate activity
in vivo. Nevertheless, it is also conceivable that just one
or two cycles of ATP binding and hydrolysis might be
sufficient for cohesin to build a bridge between sister
chromatids. Cohesin’s ATPase is more likely to drive
a conformational switch that occurs infrequently rather
than a motor that must hydrolyze ATP frequently and
continuously. This switch presumably facilitates cohe-
sin’s stable association with chromosomes because
Walker B mutations that specifically abolish ATP hydro-
lysis prevent association of tripartite cohesin rings with
chromatin [10, 11].
If cohesin’s association with chromosomes comes
about through the trapping of DNA double helices inside
cohesin’s tripartite ring, then the ATP-hydrolysis cycle
might facilitate formation of a gate for DNA entry. It
has been suggested that transient dissociation of
Smc1 and Smc3 hinge domains creates this gate [12].
If that is the case, then ATP bound and hydrolyzed by
Smc1 and Smc3 heads might alter the conformation of
their hinge domains in a manner that permits passage
of DNA between the latter. The half-doughnut-shaped
SMC hinge domains interact via two separate, in the
case of Smc1 and Smc3, pseudo-symmetric interfaces
[2]. Hydrolysis of ATP at one of the two pseudo-symmet-
ric ATPase sites in Smc1/Smc3 heads may be used to
first twist open one of the two hinge interfaces, allowing
binding of DNA to the exposed inner hinge surface. Sub-
sequent hydrolysis of ATP bound to the other ATPase
site may then open the second hinge interface and re-
close the first hinge interface, whereby DNA would
gain access to the inside of a cohesin ring.
The above notion provides a possible explanation for
the dependence of Smc1/Smc3’s ATPase activity upon
association with Scc1. If ATP hydrolysis mediated hinge
dissociation, then its dependence on association of
Smc1 heads with C-Scc1 would ensure that Smc1 and
Smc3 hinges only dissociate (albeit even transiently)
when Smc1 and Smc3 proteins have already been inter-
connected by Scc1 bound to their head domains. Under
these circumstances, Smc1 and Smc3 would remain in-
ter-connected even when a direct connection between
these two proteins (via their hinges) has been disrupted.
Whether or not this explanation is true, the phenomenon
that we have described must have a crucial bearing onhow hydrolysis of ATP by Smc1/Smc3 heterodimers
helps to promote cohesin’s association with chromo-
somes and hence the establishment of sister-chromatid
cohesion.
Supplemental Data
Supplemental Data include Experimental Procedures and three fig-
ures and are available online at http://www.current-biology.com/
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